The Killer Immunoglobulin-like Receptor (KIR) proteins constitute a family of highly homologous surface receptors involved in the regulation of the innate cytotoxicity of natural killer (NK) cells. Within the human genome, 17 KIR genes are present, many of which show large variation across the population owing to the high number of allelic variants and copy number variation (CNV). KIR genotyping and CNV determination were used to map the KIR locus in a large cohort of 4400 Caucasian individuals. Gene order and structure was determined by sequence-specific polymerase chain reaction of the intergenic regions. In this way, we could show that KIR3DL1 and KIR2DS4 gene variants are linked and that-contrary to current views-the gene KIR2DS5 is only present in the telomeric half of the KIR locus. Our study revealed novel insights in the highly organized distribution of KIR genes. Novel recombination hotspots were identified that contribute to the diversity of KIR gene distribution in the Caucasian population. Nextgeneration sequencing of the KIR intergenic regions allowed for a detailed single-nucleotide polymorphism analysis, which demonstrated several gene-specific as well as haplotype-specific nucleotides for a more accurate genotyping of this notoriously complex gene cluster.
INTRODUCTION
Natural killer (NK) cells represent a lymphocyte subset critical for innate immunity, in particular, with respect to the killing of tumor cells and the elimination of virus-infected host cells. Although still debated, some studies in mice have suggested that NK cells can even elicit a form of memory function. 1, 2 In humans, it is known that viral infection can have a long-lasting effect on the NK-cell pool. 3 Undesired effects of NK-cell capabilities became clear in studies that showed their involvement in clinical manifestations of certain autoimmune diseases. [4] [5] [6] Moreover, NK cells may have an important role in transplantation success rate. [4] [5] [6] [7] Cellular activation and cytotoxicity of human NK cells are regulated by cell surface-expressed molecules from various families of immune receptors, some of which are NK-cell specific. One of these receptor families is the Killer Immunoglobulin-like Receptor (KIR) family. There are 17 KIR genes described to date: six activating genes, nine inhibiting genes and two pseudogenes, all located together within the leukocyte receptor cluster on chromosome 19q13.4. 8 Although still a matter of debate, the genes KIR2DL2 and KIR2DL3 are often referred to as alleles of the same gene, as is also suggested for KIR3DL1/KIR3DS1 and KIR2DL1/ KIR2DS1. 9, 10 As these genes (or alleles) are located at different positions on the KIR locus, we have chosen to consider them as individual genes in this manuscript. The activating receptors are marked by a short cytoplasmic tail that, upon engagement of the receptor, interacts with DAP12 and subsequently the immunoreceptor tyrosine-based activation motifs elicit activating signals to the NK cell. The inhibiting receptors are equipped with longer cytoplasmic tails containing immunoreceptor tyrosine-based inhibition motifs. When engaged, these receptors inhibit the NK cell from eliciting a cytotoxic response.
Because of the high sequence homology between KIR genes in the human genome, a number of unequal crossover and geneconversion events have taken place within the gene cluster, which have resulted in an unequal KIR gene distribution across the population. 11 Therefore, large inter-individual diversity of allelic variation as well as extensive copy number variation (CNV) exist in human populations. 12 The KIR locus genes have been divided into centromeric and telomeric segments. Each segment is separated by the genes KIR3DP1 and KIR2DL4. KIR3DL3 is always the first gene of the centromeric segment, whereas the telomeric segment always has the KIR3DL2 gene at its end. These four KIR genes together are called framework genes, as within this frame both segments of the KIR locus are formed. The presence of other KIR genes at this locus varies. Several studies have reported combinations of KIR genes that occur more often than others, suggesting a certain distribution and organization of these genes at the KIR locus, resulting in genes specific for the A haplotype and other genes specific for the B haplotype. 10, 11, 13, 14 Because of the sequence homology of these genes, genotyping is notoriously difficult, and although the gene content of each locus can be determined, the order in which the genes reside on each locus remains difficult to determine. Although knowledge on the organizational structure of the KIR locus has taken major leaps in recent years owing to novel (next-generation) sequencing techniques, controversies in literature still exist as to the exact organization of the KIR locus. For instance, the telomeric KIR genes KIR2DS1 and KIR2DS4 have sometimes been reported to be present on both the telomeric A and B haplotypes, [14] [15] [16] whereas other studies make a clear distinction with KIR2DS4 being a telomeric A-specific gene and KIR2DS1 being a telomeric B-specific gene. 13 For genetic association and functional expression studies regarding these KIR genes, it is crucial to know how this gene cluster is organized and how it can be accurately genotyped.
In this study, using genotyping and sequencing data of intergenic regions, we have investigated the KIR gene locus in more detail and mapped the KIR loci of 4400 Caucasian individuals. This effort improved our understanding of the KIR locus haplotype distribution. Moreover, detailed single-nucleotide polymorphism (SNP) analysis of the intergenic regions provided additional sequence signatures useful for KIR genotyping techniques. Hence, for accurate typing of this complex gene cluster, we propose an optimized KIR genotyping protocol.
RESULTS

Haplotype mapping of the KIR locus
We determined the KIR genotype and CNV of all KIR genes in a cohort of 422 healthy Caucasian individuals. The arrangement of genes in the KIR locus was studied by allele-specific polymerase chain reaction (PCR) of the sequences in between the KIR genes. These intergenic regions,~2 kb in length, were amplified with gene-specific primers ( Supplementary Table S1 ), enabling us to target the exact location of each gene at the KIR locus.
In this way, a list of centromeric and telomeric haplotypes was obtained, of which the most common haplotypes are shown in Figure 1 . The majority, that is, 90.8% of these unrelated, healthy and genotyped individuals carried these common KIR centromeric and telomeric haplotypes. As each KIR locus was composed of a centromeric and a telomeric segment linked to the framework genes KIR3DP1 and KIR2DL4, only nine different common KIR haplotypes were found in these Caucasian individuals. The other individuals carried rearrangements of these common haplotypes.
By calculating the frequency of each haplotype and each possible combination of centromeric and telomeric segment, we determined the frequency that a certain haplotype occurred in the Caucasian population (Tables 1 and 2 ). In about 75% of the tested individuals, the frequency of the haplotypes could be generated without any assumptions, as these individuals had the same haplotypes on both alleles in either the centromeric or the telomeric segment. The frequency of the haplotype combinations are shown in the first part of Table 2 . For the remaining individuals, the haplotype combinations were determined based on the results found in the first part of Table 2 . For instance, one of the key assumptions was the lack of the combination of centromeric haplotype B1 (Cent-B1) with telomeric haplotype B1 (Tel-B1). Similar assumptions were made for the frequency of other haplotype segment combinations, resulting in a good indication for the frequency of haplotype combinations found in the complete cohort (lower part of Table 2 ). From this Table, we noticed that the frequency in which the B haplotypes of one segment combines with the B haplotype of the other segment was very low compared with the frequency of a B segment combination with an A segment. This suggests that these combinations of the KIR genes with centromeric and telomeric B segments have arisen recently in evolution.
Syntenic segregation of KIR genes within the KIR locus
The allele-specific PCR products of the intergenic regions of the KIR genes gave us the opportunity to deduce the order in which the KIR genes are present in the different haplotypes. This analysis Percentages are calculated as the amount of haplotypes (N) counted in a total of 844 alleles.
showed which genes were always found in synteny and which genes had variable neighboring genes. For instance, the two adjacent genes KIR2DP1 and KIR2DL1 were linked in the centromeric segment and their presence in a haplotype was not random. In every individual that was tested positive for KIR2DL3, the KIR2DP1-KIR2DL1 gene combination was found in all cases, forming the centromeric haplotype A segment (Cent-A). The Cent-B segments consistently marked by the presence of the KIR2DS2-KIR2DL2 gene combination, with either the KIR genes KIR2DL5B, KIR2DS3, KIR2DP1 and KIR2DL1 all present (forming Cent-B1) or all absent (forming Cent-B2) ( Figure 1 ). Moreover with current typing methods the Cent-B1 haplotype is believed to contain either KIR2DS3 or KIR2DS5. 11, 13, 17 Instead, our data showed that KIR2DL5B was consistently followed only by KIR2DS3. This is explained in more detail below. The telomeric haplotype A segment was as invariable as the Cent-A segment containing only the KIR3DL1 and KIR2DS4 genes. The telomeric haplotype B segment of the KIR locus has a predicted gene organization in which KIR3DS1 was always found to be linked to KIR2DL5A. This region was identified by the presence of the KIR2DS3 gene (forming Tel-B1) or the KIR2DS5 gene (forming Tel-B2), preceded by the KIR2DL5A gene. Both of these telomeric B haplotypes contained the KIR2DS1 gene ( Figure 1 ).
Our data show strong linkage between some KIR genes that have not been characterized before, which prompted us to investigate the KIR haplotypes in more detail by sequencing the intergenic regions.
KIR3DL1 and KIR2DS4 genes are coupled together To study the synteny between certain KIR genes in more detail, we sequenced the intergenic regions of the KIR locus using the genespecific primers ( Supplementary Table S1 ). Initially, we focused on the most common haplotype A, as some consensus in its telomeric segment was found. The same number of copies was found for both KIR3DL1 and KIR2DS4 in each individual, suggesting that these genes were linked in the Caucasian population. Further analysis of this region showed that the KIR3DL1 gene was always found in combination with either a KIR2DS4 wild-type gene or one of the truncated variants of this gene (KIR2DS4*003-*010, *012, *013) (Figure 2a ). After genotyping of the non-expressed KIR3DL1*004 allele, 18 we found this allele in 27.8% of the individuals (15% of the analyzed haplotypes), which is in concordance with previous studies. 19 Remarkably, KIR3DL1*004 was identified only in combination with a truncated variant of KIR2DS4 and never with the KIR2DS4 wild-type allele (Figures 2a  and b ). On the other hand, the truncated KIR2DS4 allele variants could be present with either an expressed or non-expressed allele of KIR3DL1. PCR amplification of the intergenic region between KIR3DL1 and KIR2DS4 was successful in all individuals when these genes were present in their genome, confirming the linkage between these genes. Subsequent sequence analysis of this intergenic region revealed highly conserved sequences, with several SNPs being indicative of the presence of a functional KIR3DL1 gene, a fulllength KIR2DS4 wild-type allele, or a truncated KIR2DS4 gene ( Figure 2c ). These data demonstrate that these two genes have coevolved in the Caucasian population and show absolute linkage at the telomeric A haplotype of the KIR locus.
KIR2DS5 is not present in the centromeric segment of the KIR locus Using the same approach of intergenic region sequence analysis, we next focused on the KIR2DL5 gene, having two variants A and B, suspected to be derived from the same parental gene, 20 either in the centromeric A (KIR2DL5B) or telomeric B (KIR2DL5A) segment. As mentioned before, these KIR2DL5 genes have been suggested to be linked to both KIR2DS3 and KIR2DS5, no distinction between KIR2DL5A and KIR2DL5B was made. Initial genotyping for the KIR2DL5A or KIR2DL5B genes at this locus by our multiplex ligation-dependent probe amplification method resulted in a considerable number of individuals that were negative for KIR2DS3 or KIR2DS5, which enabled us to estimate to which extent these KIR2DL5 genes were linked to either KIR2DS3 or KIR2DS5. Our results indicated that KIR2DL5B was found together with KIR2DS5 in only 4 out of the 94 KIR2DS5positive individuals, whereas the combination with KIR2DS3 was found in all of the remaining 90 individuals carrying a KIR2DL5B gene (Figures 3a and b) . In fact, further investigation of these haplotypes carrying the KIR2DL5B-KIR2DS5 gene combination revealed that these four individuals showed an unequal crossover between the Cent-B1 segment and the Tel-B2 segment. This recombination event had caused the absence of the KIR2DS3, KIR2DP1, KIR2DL1, KIR3DP1, KIR2DL4, KIR3DS1 and KIR2DL5A genes and created a very short hybrid B haplotype ( Figure 3c ). These data indicate that the KIR2DS5 gene is only located in the telomeric B segment and is not found in the centromeric B segment.
After the identification of the genetic organization of the telomeric B haplotypes, further analysis showed that KIR2DL5A could be observed in combination with either KIR2DS3 or KIR2DS5 (Figures 3a and b ). The combination of KIR2DL5A with KIR2DS5 was observed three times more than the combination with KIR2DS3. Subsequent SNP analysis of the intergenic regions showed no difference between KIR2DL5A-KIR2DS3 and KIR2DL5A-KIR2DS5 in the telomeric B haplotypes. In contrast, several differences were found when these intergenic regions were compared with the KIR2DL5B-KIR2DS3 region of the centromeric B segment ( Figure 3d ). The intergenic region of the rare KIR2DL5B-KIR2DS5 gene combination resembled the region between KIR2DL5A and KIR2DS5, suggesting that the location of the crossover breakpoint is located somewhere between the start of the KIR2DL5B gene and the first specific SNP at 532 bp upstream from KIR2DS5 in the intergenic region (data not shown).
Similarities and polymorphisms in the KIR intergenic regions Sequence analysis by next-generation sequencing of all the intergenic regions within the KIR locus of 24 Caucasian individuals generated data to create a detailed map of this region including the promoter regions of the KIR genes (Supplementary Figure S1 ). All intergenic regions were of the same length and were highly homologous, with the exception of the regions located directly 3′ of the framework gene KIR3DL3 and 5′ of the framework gene KIR3DL2. The region between KIR3DP1 and KIR2DL4 was not included in this study, as we did not succeed in amplifying this 14 kb sequence by long-range PCR.
Detailed sequence analysis of the intergenic regions on the KIR locus enables us to perform simple and fast haplotyping. Intergenic nucleotides in the centromeric segment of the locus between KIR2DL3-KIR2DP1, KIR2DS3-KIR2DP1 and KIR2DL2-KIR3DP1 will give the correct information of the complete centromeric KIR haplotype. By targeting just a few nucleotides in the intergenic region between KIR2DL4 and KIR3DL1 or KIR3DS1, haplotyping of the telomeric region can be performed to distinguish telomeric haplotype A from B. Specific nucleotides targeting the region between KIR3DL1-KIR2DS4 and KIR2DS1-KIR3DL2 will define all genes and gene variants in the telomeric segment of the KIR locus.
The phylogenic tree of the KIR gene intergenic sequences visualizes which regions most resemble each other ( Figure 4 ). As indicated above, the intergenic region following KIR3DL3, between KIR2DS2 and KIR2DL2 and the region just before KIR3DL2 formed a different branch on the phylogenic tree (in blue). In contrast to other intergenic KIR regions, these regions showed multiple poly-T stretches and contained sequence sections that were very different from other intergenic regions of the KIR locus (Supplementary Figure S1) .
A high degree of homology was observed between the intergenic regions between KIR3DL1-KIR2DS4 (telomeric haplotype A), KIR2DS3-KIR2DP1 (Cent-B1), KIR2DS3-KIR2DS1 (Tel-B1), KIR2DS5-KIR2DS1 (Tel-B2), KIR2DL5AB-KIR2DS3 (Cent-B1; Tel-B1) and KIR2DL5A-KIR2DS5 (Tel-B2) (Figure 4 in red). Although several SNPs exist, which can distinguish the different regions from each other, the sequences shared a high degree of homology to each other, despite the fact that the genes, in which these intergenic regions are located, do not resemble each other to a similar degree and come from different haplotypes at the KIR locus.
In green (Figure 4 ), a number of intergenic sequences are listed that resemble each other. The similarity between the intergenic regions before KIR2DL5A, KIR2DL5B and KIR3DP1 was not unexpected, as the sequences of these KIR genes themselves resemble each other to a high degree. In contrast, there was a lack of sequence similarity between the regions KIR2DS3-KIR2DP1 and KIR2DL3-KIR2DP1 (30%), suggesting that the A and B haplotypes have diverged quite early in evolution. The regions between KIR2DL3-KIR2DP1 and KIR2DP1-KIR2DL1 also showed a lack of similarity with any other intergenic region, confirming the conserved nature of these regions and supporting the notion that these genes show strong linkage, as was proposed in Figure 1 . These data also confirm why we did not observe any recombination events for this region as described below.
Differences between promoter regions of the KIR genes
The detailed sequence information of the intergenic regions gave us the opportunity to study hypothetical transcription factorbinding motifs in the promoter regions of the KIR genes. We checked the last 300 base pairs of each intergenic region before the transcription start site using GimmeMotifs 21 and identified 47 potential transcription factor-binding sites ( Supplementary Table  S2 ). Some of these transcription factor-binding sites are found only in a few KIR promoter regions, whereas others are present in every KIR promoter region multiple times. Most of the transcription factors found are probably not expressed in NK cells or may not be involved in KIR gene regulation. Therefore, a selection of transcription factors was made that are known to bind to KIR gene promoters. So far, the literature on KIR promoter regions has mainly focused on well-described and/or well-detectable KIR genes like KIR2DL5, KIR3DL1 and KIR2DS4, omitting the analysis of other KIR promoters. [22] [23] [24] [25] [26] [27] We have created an overview of every KIR promoter region in which we have mapped the binding sites of all known transcription factors involved in KIR gene regulation described in the literature to date (Figure 5 ). [22] [23] [24] [25] [26] [27] From this overview, we can conclude that the transcription factors signal transducer and activator of transcription (STAT), E26 transformation-specific (Ets), cAMP response element-binding protein (CREB) and activating enhancer binding protein 4 (AP4) can bind to each KIR promoter and that there is at least one potential YY1-binding (Yin Yang 1) site present in every KIR promoter. On the other hand, specificity protein 1 (Sp1) and acute myeloid leukemia 1 protein (AML) can bind only to the promoters of a small number of the KIR gene. The AML (or runt-related transcription factor 1 (RUNX)) binding site in the promoter regions of KIR2DL5B and KIR3DP1 contains a SNP, which is thought to cause silencing of these genes. 27 Together these data suggest that it is likely that KIR gene promoter sequence variation has an impact on transcription factor recruitment and thus explains the difference in the expression level of a particular KIR gene Recombination hotspots in the KIR locus Although the KIR locus seemed to be organized in a relatively constant and systematic way in the major part of the Caucasian population, variation within the locus is caused by several recombination events. One of the most common places to facilitate such events is the recombination hotspot between the framework genes KIR3DP1 and KIR2DL4, causing the centromeric and the telomeric segments to be exchanged as is shown in Table 2 . 13 Recombination events can either take place in the region between the genes, as is the case for the recombination between KIR3DP1 and KIR2DL4, or within KIR genes, hence creating so-called hybrid genes. A frequently observed phenomenon of a hybrid gene is the recombination between KIR3DP1 and KIR2DL5A that results in the KIR3DP1*004 allele, 11, 13, 28, 29 which is present in 1.2% of our Caucasian cohort.
We observed signs of a recombination event in the centromeric or telomeric segment of the KIR locus in 9.2% of the Caucasian individuals. Most of the recombination events were found in a few specific regions, suggesting additional recombination hotspots that have not yet been described previously. The recombination between KIR2DL5B in the centromeric region and KIR2DS5 in the telomeric region has already been mentioned above. Besides the four individuals with KIR haplotypes that lost an entire set of genes due to this unequal crossover event (Figure 3c ), we found its counterpart in two individuals in our cohort, in which the KIR locus had gained a set of genes at this locus (Figure 6a ). These individuals gained KIR2DS3, KIR2DP1, KIR2DL1, KIR3DP1, KIR2DL4 and KIR3DS1 through an unequal crossover event between KIR2DL5A in Tel-B and KIR2DL5B in Cent-B1.
In contrast to common belief, the KIR2DS2 gene was not always found to be linked to the KIR2DL2 gene. In two percent of the Caucasian individuals, KIR2DS2 was present in the absence of its inhibiting counterpart. In these individuals, KIR2DS2 was directly linked to either KIR2DL5B, KIR2DP1 or KIR3DP1 in the centromeric segment of the B haplotype (Figure 6b) , indicating that the genes normally present between the KIR2DS2 gene and the gene linked to it, were deleted.
Finally, there were a few individuals (1%) that did not fit into any of the nine common haplotypes because all the haplotypespecific KIR genes were absent (Figure 6c ). In these cases, KIR3DL3 was followed by KIR2DP1, missing all functional KIR genes of the Cent-B, as the protein KIR3DL3 is not expressed on the cell surface. 30 In another recombination event involving KIR3DL3, all KIR genes between KIR3DL3 and KIR2DS1 were absent, resulting in a fusion of the centromeric framework gene KIR3DL3 with a small part of the telomeric haplotype B segment. Although more Figure 5 . Potential transcription factor-binding sites within the KIR promoter regions. (A) Detailed comparison was performed of each KIR promoter sequence and the binding sites of known transcription factors involved in KIR transcription regulation. [22] [23] [24] [25] [26] Highlighted in gray are the promoters that contain a binding site for the indicated transcription factor. For those promoters that cannot facilitate the indicated transcription factor, the difference in sequence compared with the consensus sequence is shown. Figure 6 . Recombination hotspots observed in a cohort of 422 individuals. (a) An often observed unequal crossover event is seen within the genes for KIR2DL5A, KIR2DL5B and KIR3DP1, resulting in a deletion or an insertion of several genes, depending on which genes recombine with each other. (b) KIR2DS2 can be present without KIR2DL2. In these cases, the gene is followed by KIR2DP1, KIR3DP1 or KIR2DL5B, deleting KIR2DL2 and all genes in between, dependent on the gene it recombines with. (c) A small proportion of Caucasian individuals carry (part of ) a centromeric KIR locus that does not contain haplotype-specific KIR genes, caused by deletion of all KIR genes between KIR3DL3 and KIR2DP1 or KIR3DL3 and KIR2DS1.
recombination events have undoubtedly occurred within the KIR locus, the hotspots described here contribute to the majority of the variation found in our cohort.
DISCUSSION
In this study, we mapped the location of the KIR genes within the KIR locus, in 4400 Caucasian individuals, in detail by combining the results of our multiplex ligation-dependent probe amplification method for genotyping and CNV determination and by determining gene order by sequence-specific PCR. We have also provided the first detailed sequence map of the regions in between KIR genes by next-generation sequencing of the KIR intergenic regions of 24 individuals. Our approach has resulted in a refinement and improved understanding of the organization of the human KIR locus. Despite the identification of some novel gene combinations, only a few basic haplotypes make up the KIR locus in 490% of the Caucasian population, revealing a much less variable haplotype structure of the KIR gene cluster than previously assumed (Figure 1 ). On the other hand, the allelic variation of the individual KIR genes creates a large portion of the variation within the basic haplotype structure, which makes this gene family the most variable among the non-rearranging receptors within the human genome.
The genomic organization of these haplotypes was best revealed by syntenic coupling of some KIR genes. For instance, the genes KIR3DL1 and KIR2DS4 are tightly linked with a highly conserved 2 kb intergenic region ( Figure 2 ). We have never found the gene KIR2DS1 to be coupled to KIR3DL1, as has previously been suggested in the literature. 14, 16, 31 Even though recombination events have commonly occurred at this locus (according to recombination hotspots as described here and reported by previous family segregation analyses by us and others 12, 29 ), the KIR3DL1-KIR2DS4 linkage has always remained intact. Although others have observed haplotypes in which this syntenic bond is not observed, these difference may be attributed to the use of different and less-detailed sequence information. 14, 16, 31 Within these conserved segments of genes, the KIR3DL1*004 allele was present in~28% of the individuals and only occurred in combination with a truncated KIR2DS4 allele, suggesting a coevolutionary event within this haplotype. Individuals with the nonexpressed KIR3DL1*004 allele consequently also lacked the KIR2DS4 gene expression and therefore a telomeric haplotype A without any functional KIR gene. Such a strong linkage is important for the interpretation of gene association studies with disease conditions, focusing on the KIR locus. For example, a genetic study in patients with leukemia suggested that the wildtype alleles for KIR2DS4 have a protective effect against CML. 32 The authors state that this association is only found when a distinction is made between the wild-type KIR2DS4 allele and the truncated KIR2DS4 allele. However, the KIR3DL1 gene is not taken into account in this study and a possible association through linkage could be easily overlooked. Therefore, an optimal genetic association study in this context requires at least an integral analysis of the KIR haplotype.
In contrast to current understanding, our haplotyping methods demonstrate that the centromeric KIR locus never contains the KIR2DS5 gene, which explains why this gene is found less frequent in the human population than one would assume when present in both the centromeric and telomeric segment. 12, 19 Although the KIR2DS3 gene was observed in both centromeric and telomeric segments, the predominant absence of the gene in the telomeric segment may again explain the low frequency of this specific KIR gene in the general Caucasian population.
For the first time, a detailed sequence analysis of the intergenic regions between the KIR genes was obtained. These sequences provide a detailed overview of every promoter region at the KIR locus, which can help to provide answers regarding their transcription regulation. A predictive transcription factor-binding site tool showed that there is a high degree of variation in hypothetical transcription factor-binding motifs in the promoter regions of KIR genes. More specifically, some of the transcription factors that are known to be involved in KIR gene regulation seem to selectively target only some KIR promoters. Although this variation in KIR promoter regions might contribute to differences in transcription levels, the promoter activity is not the only factor controlling KIR gene expression regulation. Various epigenetic factors determine which specific KIR genes are transcribed in each cell. The methylation status of CpG islands within the KIR locus have a major role and also histone modifications have been reported to influence KIR transcription regulation. 33, 34 These factors should be taken into consideration when studying the transcriptional regulation of the individual KIR genes.
The KIR intergenic sequences that we have obtained did provide an important reference data set to characterize each individual KIR gene arrangement in the KIR locus. They can help to identify different haplotypes and have provided a better understanding of the KIR locus organization in general. To complete a map of the entire KIR locus, allele-specific analysis needs to be performed to address whether some of the SNPs in the intergenic regions that we have identified are linked to certain allelic KIR gene variants. Such mapping efforts are likely to be very informative, as demonstrated in this study for KIR3DL1 and KIR2DS4, but also for KIR2DP1 in which Cent-A carried a SNP at nucleotide position -28 as a genetic signature for the *002, *005 or *008 alleles (Supplementary Figure S1 and the EMBL-EBI Immuno Polymorphism Database). Whereas these alleles were present only in Cent-A, other KIR2DP1 alleles were present only in the Cent-B1 segment. Sequence analysis and allele typing of the other genes at the KIR locus may provide more of these detailed genetic signatures, allowing for more accurate and complete genotyping of the KIR gene content in any given individual.
In addition to the previously described recombination hotspots at the KIR locus, we have identified some common recombination sites that can lead to the gain or loss of multiple genes at the same time. The recombination event between KIR2DL5B and KIR2DS5 that we describe in this manuscript, was observed previously in a Caucasian family 12 and in the Ga-Adangbe population in Ghana, 35 suggesting that this haplotype is more commonly observed. Overall, it appears that recombination events at the KIR locus have taken place in 9.2% of the Caucasian population. Some of these recombination events must have taken place with breakpoints within the genes as exemplified by the recombination between KIR3DP1 and KIR2DL5A and -B, whereas other recombinations have their breakpoints within the intergenic regions. The formation of hybrid genes within the KIR locus has been previously ascribed to the presence of Alu repeats within the introns of the KIR genes. 36 As every intergenic region also has 80% similarity with Alu sequences (data not shown), it seems very likely that these elements have contributed to the recombination events at the KIR locus. 37 Past recombinations within the KIR locus have contributed to the high diversity of KIR haplotypes throughout the population, as we and others have previously observed. 11, 12, 29, 36 The recombination hotspots that we have observed explain some of the obscurities that exist in literature regarding KIR gene organization, such as the possibility that KIR2DL5B can exist on the same haplotype segment as KIR2DS5. 14, 38 Here we have shown that this combination of genes can only occur if a recombination event has taken place, deleting several genes including KIR2DS3 and KIR2DL5A. Moreover, we have also shown that through recombination the KIR3DL1 and KIR2DS4 genes can be present on the same KIR haplotype as KIR3DS1, whereas in a classical haplotype this is never the case. A reason for ambiguities in the literature concerning KIR gene order may be the inability of the common genotyping methods to distinguish between the two KIR locus strands. Deletions and duplications are difficult to detect when typing only for the presence or combinations of certain genes. Such ambiguities can be overcome by using more advanced genotyping techniques that consider gene CNV.
Overall, the KIR locus was found to be organized within certain limits. In this study, 90.8% of all tested individuals had a KIR locus that comprised one or two out of nine possibilities of haplotype segment combinations identified thus far. As demonstrated in this study, the intergenic SNPs aided to identify entire haplotypes, simplifying KIR genotyping and allowing for the development of cheaper and easier tools for diagnostic purposes. SNP analysis has already been used by others to study KIR allele and gene linkage. 31 With a more simple genotyping method, it would be possible to haplotype at least 90% of Caucasians, having targeted only nine specific SNPs, which would be informative for genotyping arrays or other large-scale high-throughput assays. By using a quantitative SNP analysis method and by targeting three extra SNPs between KIR3DL3-KIR2DS2, KIR2DS2-KIR2DL2 and KIR2DL2-KIR2DL5B, one will be able to detect the most common recombination hotspots, completing the genotyping of the entire KIR locus in the Caucasian population. Of course the synteny between KIR genes described here might differ substantially among different ethnic backgrounds, as is already suggested for an African population. 35 However, a study on a Japanese population shows similar patterns of organization as we describe in this manuscript, 39 even though the haplotype frequencies differ from the Caucasian populations. Future studies along similar lines as the ones presented here are likely to shed light on the KIR gene organization in other ethnic populations.
Using the sequence information of this study, we can further bridge the gap between this extremely complex gene cluster and a more comprehensive interpretation of the KIR locus for further research on functional expression of KIR genes, genetic association studies as well as patient diagnostics in the near future.
MATERIALS AND METHODS
Ethics statement
The study was approved by the Institutional Medical Ethics Committee of the Academic Medical Center in Amsterdam and was performed in accordance with the Declaration of Helsinki. Participants provided their written informed consent to participate in this study.
KIR genotyping
DNA was extracted from 422 healthy individuals, using the QIAgen Blood Kit (Qiagen, Frederick, MD, USA) according to the manufacturer's protocol. KIR genotyping and copy number determination was performed with multiplex ligation-dependent probe amplification as described before. 12 Shortly, oligodeoxyribonucleotide probes, designed to target a single gene or allele group, are hybridized to the genome. After binding and subsequent ligation, fluorescently labeled universal primers amplify the ligated probes. As every probe set has a different length, these amplification products can be separated and quantified by capillary electrophoresis. The product quantity is relative to the number of genes present in the genome, allowing copy number determination using GeneMarker software (version 1.90, SoftGenetics, State College, PA, USA). Inconclusive copy number results were verified by quantitative PCR as described before. 12 Allele subtyping by PCR As the KIR multiplex ligation-dependent probe amplification method did not discriminate KIR2DL5A and KIR2DL5B genes, gene-specific PCRs were designed to differentiate the presence of these two genes. Gene-specific primer sets used were FW-KIR2DL5A (5′-gcagcaccatgtcgctcatggaca-3′), FW-KIR2DL5B (5′-gcagcaccatgtcgctcatggacg-3′) and REV-KIR2DL5A and B (5′cacacttgggtgcccatggsttcg-3′). Each 25 μl PCR reaction consisted of 200 μM dNTPs, 2.5 μl 10 × Salsa PCR buffer (MRC Holland, Amsterdam, The Netherlands), 10 pmol of each primer, 2.5 units Salsa polymerase (MRC Holland) and 275 ng TaqStart Antibody (Clontech, Saint-Germain-en-Laye, France). Initial denaturation took place at 95°C for 2 min, followed by 35 cycles of 20 sec at 95°C, 30 sec at 60°C and 1 min at 72°C, and a final elongation step of 2 min at 72°C.
The non-expressed KIR3DL1*004 and surface-expressed KIR3DL1 alleles (all alleles except the allelic variant *004) were determined in a multiplex PCR, using primers based on those reported by Gardiner et al.; 40 FW KIR3DL1*004 (5′-cagacacctgcatgttctc-3′), FW KIR3DL1*expr (5′-tatcctca gcacgttccaagg-3′) and REV KIR3DL1 (5′-gtacaagatggtatctgtag-3′). The same PCR program was used as described above with the exception of the amount of FW primers, which was 5 pmol of each primer, and the elongation step, which was 1.5 min each cycle.
Amplification and sequencing of the intergenic regions
The order of KIR genes on the KIR locus was determined by sequencespecific PCR. The regions between KIR genes were amplified with primers designed specifically for each region, except of the region between KIR3DP1 and KIR2DL4 (Supplementary Table S1 ). All PCR assays were performed as described above with an elongation step of 2 min for each cycle to yield 2 kb products.
To establish a reference database for the KIR intergenic regions, Sanger sequencing of the purified PCR products was performed according to the manufacturer's protocol of the BigDyeTerminator v1.1 cycle sequencing kit on an ABI-3130XL (Applied Biosystems, Life Technologies, Carlsbad, CA, USA).
To expand our sequence database for the KIR intergenic regions and to study ambiguities between regions, we amplified these intergenic regions with universal primers, targeting all KIR genes; FW intergenic (5′-cac ttgacccctgcccacctctcc-3′) and REV intergenic (5′-agctcagcagcgcacagga tgttatttggc-3′). Next-generation sequencing was performed on a 454 FLX+ Roche Genome Sequencer (Roche Diagnostics, 454 Life Sciences, Branford, CT, USA), with the Shotgun Rapid Library method. The amplicon size varied between 40 and 920 bp with an average of 299 bp. A minimum coverage depth of 10 reads over the entire reference sequence was maintained for accurate analysis.
The reads of the intergenic regions produced by 454 sequencing were aligned to the previous obtained reference sequence database by Sanger sequencing for the intergenic regions with DNASTAR SeqMan Ngen Software (DNASTAR, Inc., Madison, WI, USA). A detailed variant report for each intergenic region was created with SeqMan Pro (DNASTAR, Inc). An overview of the intergenic region sequences was created with BioEdit Sequence alignment Editor v7.0.9.0. 41 Predictive analysis of the promoter regions of all intergenic regions was performed with GimmeMotifs Software. 21 A phylogeny tree of the regions was created with Clustal Omega (EMBL-EBI 2014) using neighbor-joining analysis. Visualization was performed using FigTree v1.4.2 (Institute of Evolutionary Biology, University of Edinburgh, http://tree.bio.ed.ac.uk).
